Inhibitive effect of azine and diazine derivatives on the corrosion of 316L SS in acidic media
The inhibiting effect of some azine and diazine derivatives on the corrosion of cyclic stressed 316L SS specimens in 3 M HCl in the presence of organic derivatives with concentrations (1×10 -6 M -11×10 -6 
M) at 30 o C was studied using weight loss and galvanostatic polarization techniques. The inhibition of these derivatives on the uniform corrosion was evaluated by anodic and cathodic polarization curves of the electrode in the tested media. The examined derivatives exerted an inhibiting action towards corrosion. Polarization studies revealed that these derivatives behave as mixed inhibitors and inhibit corrosion by parallel adsorption on the specimen surface due to the presence of more than one active centre in the inhibitor molecule. The adsorption obeyed Temkin adsorption isotherm. The inhibitor efficiency increases with increasing the concentration of the inhibitor and decreases with increasing the value of the cyclic stress. Addition of I
-, Br -and SCN
INTRODUCTION
Stress corrosion cracking (SCC) is one of the most serious corrosion problems facing metallic materials during their service life. Much attention has been paid to avoid or eliminate the damage of metallic materials due to SCC especially when there is a cyclic stress on the metallic material. SCC is sensitive to the composition of the corrosion environment; the addition of small amount of proper inhibitor mitigated SCC of austenitic steels in acidic media [1] .
Benzotriazole (BTA) decreased the susceptibility of SCC for 18Cr-9Ni-Ti stainless steel in acidic chloride solution [1] . Inhibitors such as phenylthiourea, benzotriazole and acridine significant influence in the case of SCC tests with constant load than in constant strain rate testing (CSRT) [2] . Other inhibitors such as benzimidazole-2-thiol, benzothiazole-2-thiol, phenylthiourea and a mixture of n-decylamine + KI were found to be effective in the case of SCC tests by slow strain rate (SSRT) and U-bend [3, 4] .
The synergistic inhibition effect of iodine ions with some amines in NaCl solution on SCC of AISI The previous studies were mostly performed by SSRT combined with observation of the morphology of fractured specimens and electrochemical measurements of unstressed specimens. It is expected that in situ electrochemical measurements of the corrosion rate of stressed specimens under dynamic straining condition may offer some interesting information on the role of an inhibitor.
In this paper, the inhibition effect of organic derivatives on the corrosion fatigue (CF) of 316L SS specimens stressed by cyclic stress with cyclic frequency of 10.5 Hz while immersed in hydrochloric acid solution is assessed by using in situ measurements of electrochemical galvanostatic polarization.
EXPERIMENTAL DETAIL

Materials and solution
The chemical composition and mechanical properties of specimen material are given in Tables  1 and 2) . The reaction basin was graduated glass vessel 6 cm inner diameter and having a total volume of 250 ml. 100 ml of the test solution were employed in each experiment. The test pieces were cut into 2×2×0.2 cm. They were mechanically polished with emery paper (a coarse paper was used initially and then progressively finer grades were employed), rinsed with double distilled water and finally dried between two filter papers and weighed. The test pieces were suspended by suitable glass hooks at the edge of the basin, and under the surface of the test solution by about 1cm. After specified periods of time, 3 test pieces were taken out of the test solution, rinsed with double distilled water, dried as before and weighed again. The average weight loss at a certain time for each set of three samples was taken. The weight loss was recorded to the nearest 0.0001g.
2.2.2-Electrochemical technique (Galvanostatic polarization method)
a. Electrodes Chemical composition of 316L SS used in this study is given in Table 1 . Two different types of electrodes were used; disks with 12 mm diameter and 2 mm thickness and cylindrical specimens. The discs were welded from one side to a copper wire for electric connection and embedded in glass tube of larger diameter than the sample. Epoxy ZAŠTITA MATERIJALA 55 (2014) broj 4 364 resin was used to stick the sample to the glass tube except the exposed tested surface area which was left to be exposed to the corrosive media.
Cylindrical specimens were used in the fatigue test and in electrochemical measurements after fatigue test in air. The specimen diameter was 10 mm while the gage length of the middle part was 20 mm and its diameter was 4 mm, and the overall length was 140 mm as shown in Figure 1 . The gage length of all specimens were prepared by treatment with emery papers n. 1000, then degreased in acetone ultrasonic bath, washed with bi-distilled water and dried. Fatigue tests were performed at 10.5 Hz on a cantilever rotary-bending fatigue test machine, with different cyclic stress (82MPa -247MPa) and number of cycles (63000). The specimens were coated with epoxy resin except the test section that immersed in the solution during the entire galvanostatic polarization test. The corrosive media used was 3 M HCl. Solutions containing (1×10 -6 M -11×10 -6 M) organic derivatives were used as inhibitors.
EXPERIMENTAL RESULTS AND DISCUSSION
3.1-Weight loss measurements
3.1.1-Effect of inhibitors concentrations
Weight-loss of 316L SS was determined, using equation (1) , at various time intervals in absence and presence of different concentrations of organic derivatives, derivatives (I-V). The obtained weight loss-time curves are represented in Figure 2 for inhibitor (I), the most effective one. Similar curves were obtained for other inhibitors (not shown). Δw = (w 1 -w 2 )/A (1) Where Δw is the weight loss in mg per unit area, w 1 and w 2 are the weights of the specimen before and after reaction, respectively, and A is the surface area in cm 2 . The curves obtained in the presence of inhibitors fall significantly below that of free acid. In all cases, the increase in the inhibitor concentration was accompanied by a decrease in weight-loss and an increase in the percentage inhibition. These results lead to the conclusion that, these derivatives under investigation are fairly efficient as inhibitors for 316L SS dissolution in hydrochloric acid solution. Also, the degree of surface coverage (θ) by the inhibitor, calculated from equation (2) , would increase by increasing the inhibitor concentration.
Where ΔW inh and ΔW free are the weight losses per unit area in presence and absence of the inhibitor respectively.
In order to get a comparative view, the variation of the inhibition effeciencies (IE%) of the inhibitors with their molar concentrations were calculated according to equation (3); values obtained are summarized in Table 3 .
%IE = θ ×100 (3)
Careful inspection of these results showed that, at the same inhibitor concentration, the order of inhibition efficiencies was as follow: 
Series 1: (I) > (II) > (III) Series 2: (IV) > (V)
Synergistic effect
As seen from Table 3 , the percentage inhibition efficiency of the tested derivatives is low, so in order to increase these values we use KI, KSCN, and KBr in addition to the different concentrations of the investigated derivatives. Table 4 shows the % In. of the investigated derivatives in presence of 1×10 -2 M of KI. It can be seen from Table 4 that the addition 10 -2 M of KI, and inhibits the corrosion of 316L SS to a large extent and by increasing the concentration of hydrazide derivatives (1×10 -6 -11×10 -6 M) the percentage inhibition increases. This can be interpreted according to Schmitt and Bedbur [8] , which proposed two types of joint adsorption namely competitive and cooperative. In competitive adsorption, the anions and cations are adsorbed at different sites on the electrode surface, and in case of cooperative adsorption, the anions are chemisorbed on the electrode surface and the cations are adsorbed on a layer of the anion, apart from the adsorption on the surface directly.
From the data of Table 4 it is seen that KI would be considered as one of the effective anions for synergistic action with respect to the investigated salts. The net increment of inhibition efficiency shows a synergistic effect of KI, KSCN and KBr with hydrazide derivatives. The synergistic effect depends on the type and concentration of anions. The inhibition efficiency in presence of these anions decreases in the order: KI > KSCN > KBr [9] .The experimental results suggested that the presence of these anions in the solution stabilizes the adsorption of derivatives on the metal surface and improved the inhibition efficiency of these derivatives.
The figure 3 demonstrates the mass-loss time curves for the dissolution of 316L SS in 3 M HCl in absence and presence of different concentrations of compound (b) without and with addition of 10 -2 M KI at 30 o C.
where
θ' 1+2 -measured surface coverage by the anion in combination with cation. θ 1 and θ 2 are the surface coverage for anions and cations, respectively. Table 5 lists the variation of the synergistic parameter (S θ ) in the presence of different concentrations of derivatives. It is seen that all values of (S θ ) are less than unity and, therefore, the adsorption of each compound antagonizes the other's adsorption. Thus, derivatives significantly improved the coverage and thus the quality and inhibition efficiency of derivatives on the corroding 316L SS. Derivatives are nitrogen organic derivatives, which contain unshared electron pairs. In strong acidic solutions these derivatives may be protonated, leading to positive charge in molecule. It is also known that 316L LSS surface has positive charge due to (E corr -Eq=0), thus it is difficult for the positively charged derivatives to approach the positively charged 316LL SS surface ,due to the electrostatic repulsion, this is why these derivatives can not act as excellent inhibitors for 316LL SS corrosion in 3M HCl solution without containing anions. In case of presence I -, SCN -and Br -ions, these anions adsorbed on 316LL SS surface and makes the surface negatively charged by means of electrostatic attraction, after that, protonated hydrazide derivatives are easily reached the surface of 316LL SS. 
Adsorption isotherm:
Assuming the corrosion inhibition was caused by the adsorption of hydrazide derivatives, and the values of surface coverage for different concentrations of inhibitors in 3M HCl were evaluated from mass loss measurement using the following equation:
From the values of (θ), it can be seen that the values of (θ) increased with increasing the concentration of derivatives. Using these values of surface coverage, one can utilize different adsorption isotherms to deal with experimental data. The Temkin adsorption isotherm was applied to investigate the adsorption mechanism, by plotting (θ) vs log C, a straight lines were obtained Figure 4 . On the other hand, it is found that Kinetic-thermodynamic model of El-Awady et al [9] which has the formula:
Is valid and verify the present adsorption data Figure 6 . The equilibrium constant of adsorption K = K' (1/y) , where 1/y is the number of the surface active sites occupied by one hydrazide molecule and C is the bulk concentration of the inhibitor. From Table 6 it is noted that ∆G ads values have a negative sign indicating that the adsorption process proceeds spontaneously and increase as the percentage inhibition increases. Table 6 shows the calculated thermodynamic parameters. 
Effect of Temperature
The effect of temperature (30 -55 o C) on the performance of the inhibitors at a concentration of (1× 10 -6 -11× 10 -6 M) for 316L SS in 3M HCl was studied using Weight-loss measurements. Plots of log k (corrosion rate) against 1/ T (absolute temperature) Figure 6 for 316L SS in 3M M HCl, gave straight lines. The values of the slopes obtained at different temperatures permit the calculation of Arrhenius activation energy (E a * ). The activation energy values obtained from these lines were found to be 58 kJ mol -1 for 316L SS 3M HCl and 3 kJ mol -1 for acid containing inhibitors 3, Table 7 . 
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Figure 6 -log (corrosion rate/T) -(1/T) curves for 316L SS dissolusion in 3M HCl in absence and presence of different concentrations of inhibitor (I)
Figure 7 -log k -1/T curves for 316L SS dissolusion in 3M HCl in absence and presence of different concentrations of inhibitor (I)
Activation parameters for corrosion of zinc were calculated from Arrhenius -type plot.
k=A exp (-E a * / RT) (6) and transition state-type equation :
The relation between log k/T vs. 1/T gives straight line, from its slope, H * can be computed and from its intercept S * can be also computed Figure 7 . Tables 8 and 9 exhibits the values of apparent activation energy E a * , enthalpies H * and entropies S * for 316L SS in dissolution in 3M HCl solution. The presence of derivatives increases the activation energies of 316L SS indicating strong adsorption of the inhibitor molecules on the metal surface and the presence of these additives induces energy barrier for the corrosion reaction and this barrier increases with increasing the additive concentrations. 
Electrochemical measurement
Galvanostatic polarization studies were carried out on 316LL SS in 3 M HCl solution without and with different concentrations of the inhibitors. The tested specimen was used as working electrode.
Saturated calomel electrode (SCE) was used as reference electrode while platinum wire as a counter electrode. All experiments were carried out at 30 o C. The inhibition efficiency (%IE) is defined as [10] :
Where i corr. and i inh. are the corrosion current density in the absence and presence of inhibitors respectively. The degree of surface area coverage (θ) can be calculated from the relation:
3.5.1. Polarization curves Corrosion behavior of 316LL SS is studied in 3M HCl solutions in absence and presence of (1×10 -6 -11×10 -6 ) M inhibitors (I -V) at 30 o C. Figure 7 show the galvanostatic polarization curve of 316LL SS in 3M HCl in absence and presence of inhibitor (I) at different inhibitor concentrations, Table ( 10) gives the various corrosion parameters. 1-The corrosion current density decreases with increasing the concentration of organic derivatives derivatives. This indicates that the presence of these derivatives retards the dissolution of 316LL SS in 3M HCl solution and the degree of inhibition depends on the concentration and type of the inhibitor present as shown in Figure 8 .
2 -The degree of surface coverage was found to increase with increasing the concentration of inhibitor.
3 -The presence of the tested inhibitors retards both anodic and cathodic reactions and hence these inhibitors act as mixed type inhibitors.
4 -The order of decrease in inhibition efficiency for the tested additives is:
Series 1: (I) > (II) > (III) Series 2: (IV) > (V) The inhibition mechanism of the tested inhibitor is a combination of surface blockage and electrostatic repulsion between adsorbed surfactant layer and chloride ions. The adsorption density of inhibitor depends on the inhibitor concentration. At adsorption density less than that needed for monolayer coverage Figure 9a , most of the nucleation sites are still possibly exposed to HCl, as the inhibitor has less adsorption affinity on them. When the adsorption density reaches monolayer adsorption Figure 9b , some of the nucleation sites begin to be completely covered by inhibitor molecules. At maximum adsorption density in Figure 9c , the whole surface, including the nucleation sites, is covered by the inhibitor molecules and hence complete inhibition occurs. , while applying cyclic stresses (82Mpa -247Mpa) with number of cycles (63000) at 10.5 Hz. The galvanostatic polarization curves were plotted for each inhibitor. In the rotating cantilever bending fatigue test, the tension and compression cyclic stresses occur at the outer surfaces of the specimen, for this reason plastic deformation commonly occurs by the slip of one plane over the other. Such slip is very nonuniform within a polycrystalline solid and can occur on only some of the crystal planes within a metal grain [11] . Stressed 316L SS surfaces by the rotating cantilever bending fatigue test, contain iron atoms that are more reactive hence they have a less stable crystalline environment and more susceptible to attack. Whenever a metal is stressed, the metallic crystal lattice becomes severely strained and tends to become more anodic, hence they travel into solution more readily than the atoms in less strained sites. Consequently, corrosion of the most strained regions of a metal have the highest rate of corrosion.
The polarization curves were plotted for each inhibitor as shown in Figure 10 Table 11 . The corrosion of the most strained regions of the tested specimens is most rapid, also the adsorbed layer of inhibitor on stainless steel surface becomes less stable and the corrosive media becomes more aggressive. Inspection of Tafel slopes values and E corr values under these conditions indicate that these inhibitors act as mixed -type inhibitors. Also, the corrosion current density i corr increased with increasing the applied cyclic stresses. The increase in the applied cyclic stress adds to the free energy of the strained atoms and hence more atoms go to the solution causing a pronounced increase in the corrosion current density. 
CONCLUSIONS
The following conclusions can be deduced from the present study:
1-Derivatives appear to be efficient inhibitors for corrosion of 316L in 3MHCl solution, which act as mixed type inhibitors, the %IE was found to increase by increasing the inhibitor concentration and was found inhibitor (I) with high molecular weight which gives the highest inhibition efficiency over the other derivatives Series 1: (I) > (II) > (III) and Series 2: (IV) > (V).
2 -The inhibition of corrosion of 316LL SS in 3M HCl solution was found to obey the Temkin adsorption isotherm and the inhibitors appear to add to the passive layer formed on the tested 316L SS.
